Abstract We have developed immunological probes to quantify eggs and sperm of the Black-lip pearl (BLP) oyster Pinctada margaritifera. The western blot assay revealed that the polyclonal antibodies developed in this study specifically recognized only egg and sperm proteins. These polyclonal antibodies also showed high sensitivities to the antigens, detecting 0.31-10 lg/ml of the egg or sperm proteins in an indirect enzyme-linked immunosorbent assay (ELISA). Accordingly, we used an indirect ELISA to quantify the eggs and sperm in BLP oysters collected in December 2009 from Weno Island in Micronesia and in May 2010 from Tahiti. The gonad somatic index (GSI), a ratio of gonad weight to somatic tissue weight, of the females collected from Weno Island ranged from 3.6 to 18.4 %, while the GSI of the females collected from Tahiti ranged from 5.6 to 12.6 %. Similarly, the GSI of the male BLP oysters from Weno Island ranged from 0.8 to 8.5 %, while the GSI of the males from Tahiti ranged from 4.8 to 7.5 %. These results lead to the conclusion that the immunological probes developed in this study can be successfully applied to quantify BLP oyster gonadal tissues and that these probes can be used in studies of BLP oyster reproductive ecology based on their sensitivity, rapidity, and affordability.
Introduction
The Black-lip pearl (BLP) oyster Pinctada margaritifera (Linnaeus, 1758) is widely distributed among the coral reefs of the tropical and subtropical region of the IndoPacific Ocean [1] . Commercial production of black pearls based on BLP oyster aquaculture has increased during the past two decades [2] , and it plays a major economic role in the island states of the South Pacific, such as French Polynesia and Micronesia [3, 4] . BLP oyster aquaculture in French Polynesia and Micronesia mostly depends on naturally harvested spats as seeds; however, the oyster spat supply from the wild is somewhat unstable, and intensive wild spat and brood stock collection has deteriorated the local pearl oyster populations [2, 4, 5] . Consequently, wild oyster fishing in French Polynesia and Micronesia has been suspended to conserve the natural pearl oyster populations [2, 4] . As an alternative, a system of hatchery-based oyster seed production has been attempted, and currently some portion of the seeds needed in the industry is supplied from hatcheries [2, 4, 5] .
For the efficient management of this marine bivalve hatchery operation, information on the reproductive physiology and ecology of the brood stock is essential for spat production [3, 4, [6] [7] [8] . Such reproductive biological information is also crucial for designing and implementing a strategic management plan and planning a hatchery to produce the larvae for aquaculture or for enhancement of the wild population [9, 10] . In particular, quantitative information on gamete production, such as the number of eggs or the weight, is essential for a successful hatchery operation [11] . Several studies have reported that estimating the reproductive effort of marine bivalves (i.e., the quantity of eggs or sperm) is difficult since most marine bivalves, with the exception of scallops, do not exhibit a discrete gonad and the gonads cannot be easily separated from the body [6, [12] [13] [14] .
Immunological techniques have been widely used in studies on the reproductive biology of marine fishes and invertebrates since the techniques are highly sensitive and rapid [15] [16] [17] [18] [19] [20] . In particular, enzyme-linked immunosorbent assays (ELISA) have been successfully applied in the quantification of marine bivalve eggs or sperm [6, [12] [13] [14] [21] [22] [23] . Recently, Uddin et al. [8] combined conventional histology and the ELISA technique to evaluate the reproductive condition and quantification of the reproductive effort of the female Manila clam Ruditapes philippinarum [8] . In their study, the authors first examined the gametogenic stage of the female Manila clam from histological preparations of a dorso-ventral section of the body (10-20 % of the total body weight) and then they determined the quantity of eggs from the lyophilized and homogenized body tissue using ELISA. Similarly, Mondol et al. [24] determined the reproductive effort of hatchery produced Pacific oysters using a combined histology-ELISA technique.
We have developed polyclonal antibodies specific to the egg and sperm proteins of BLP oysters to characterize and quantify the gonadal proteins. Here, we report for the first time the development of the immune probes and their application in the quantification of BLP oyster eggs and/or sperm using an ELISA.
Materials and methods

Isolation and purification of the eggs and sperm
To harvest the ripe eggs and sperm to serve as antigens, we collected 30 female and ten male BLP oysters with a shell height (SH, maximal length of a shell in the dorso-ventral axis) of [120 mm from Weno Island in Chuuk State, Federated State of Micronesia, by SCUBA diving (Fig. 1) either ripe eggs or sperm was removed, placed on a petri dish, and gently pressed to release the eggs and sperm [12, 22] . The crude egg and sperm extracts were then serially sieved through a 100-and 40-lm mesh to eliminate the tissue debris and then further purified at low-speed centrifugation (190 g for 10 min); this latter step was repeated several times. The total number of eggs in the purified egg extract was counted using a hemocytometer under a light microscope to determine the weight of a single egg. The purified eggs and sperm were then freeze-dried and stored at -75°C.
Proximate composition of the eggs and sperms
The total carbohydrate level in the eggs was determined using the phenol-sulfuric acid extraction method of Taylor with dextrose anhydrous as the standard material [25] . Total protein concentration in the eggs and sperm was determined using Lowry's method after hydrolyzing the eggs and sperms in 0.1 M NaOH at 37°C for 2 h [26] . Bovine serum albumin (BSA) was used as the protein standard. Total lipid level in the eggs was determined gravimetrically by extracting the lipids using a mixture of chloroform and methanol and weighed according to Bligh and Dyer [27] .
Development of BLP oyster egg-specific and spermspecific antibodies
The purified BLP oyster eggs and sperm were first homogenized in phosphate buffered saline (PBS; 0.15 M NaCl, 0.003 M KCl, 0.01 M phosphate, pH 7.4) using an ultrasonifier. Concentration of the egg and sperm protein in the homogenates was determined using the BCA Protein Assay (Pierce, Thermo Fisher Scientific, Rockford, IL) and adjusted to 1 mg/ml with PBS. The immunization protocols of Park and Choi [6] and Kang et al. [13] were used to develop the antibodies. In brief, a New Zealand white rabbit was first injected subcutaneously with 500 ll of the egg or sperm homogenate mixed with an equal volume of Freund's complete adjuvant. The rabbits received booster injection at the third week with 0.5 ml of 500 lg/ml of the egg or sperm homogenate mixed with 0.5 ml of Freund's incomplete adjuvant. After the third booster injection, 5-10 ml blood was withdrawn from the ear vein, and the specificity and sensitivity of the antisera were tested using indirect ELISA and the western immune blot assay. After 2 months of immunization, 10-30 ml of blood was withdrawn from the rabbits. In the indirect ELISA, both rabbit anti-BLP oyster egg protein and the anti-sperm protein antisera exhibited a weak but recognizable immune reaction to the non-gonadal somatic tissue proteins. Accordingly, the immunoadsorbent [22, 28] was prepared to remove the non-specific antibodies in the antisera by polymerizing the protein extracts of the somatic tissues, including the mantle, gill, and adductor muscle of BLP oysters. The antisera developed in this study were reacted with the immunoadsorbent for 1 h at room temperature and centrifuged. After the reaction, the rabbit immunoglobulin G (IgG) in the antiserum was precipitated and harvested using saturated ammonium sulfate. The rabbit anti-BLP oyster egg protein IgG and anti-BLP oyster sperm protein IgG did not demonstrate cross-reactivity to the somatic proteins in the indirect ELISA, indicating that the antibodies are only specific to the egg or sperm proteins.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blotting
To test the specificity of the antibodies developed in this study, we extracted proteins of the eggs, sperm, and other somatic tissues of the BLP oyster, including the mantle gill and digestive gland (2 lg each) and subjected these to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a 10 % SDS gel, with a known molecular marker (Precision Plus Protein Standards; Bio-Rad, Hercules, CA) [29] . For the western blot assay, the protein bands separated by electrophoresis were transferred onto a polyvinylidene difluoride membrane (Pierce, Thermo Fisher Scientific) and blocked with 5 % skim milk in TBS-T (Tris-buffered saline containing 0.05 % Tween 20). After blocking, we applied the rabbit anti-BLP oyster egg protein IgG or anti-BLP oyster sperm protein IgG (3.0 lg/ml) to the membrane and incubated the membrane overnight at 4°C. After incubation, the membrane was washed and reacted with goat anti-rabbit IgG horseradish peroxidase (1.0 lg/ml in TBS-T; Koma Biotech, Seoul, Korea) as a secondary antibody for 1 h at room temperature. Finally, the membrane was reacted with the enhanced chemiluminescence reagents (Pierce, Thermo Scientific) to visualize the antigen-antibody complex in the gel documentation system (Chemi-Smart 2000; Vilber Lourmat, Marne La Vallée, France). Images were captured using Chemi-capt (Vilber Lourmat) software and saved.
Indirect enzyme-linked immunosorbent assay
For the indirect ELISA, we followed the protocols of Park and Choi [6] and Kang et al. [13] . In brief, 100-ll samples of the BLP oyster egg and/or sperm homogenate (20 lg/ ml) were serially diluted onto a polystyrene 96-well microplate (Greiner, Langenthal, Switzerland) as positive controls, while the PBS solution and different types of the somatic tissue homogenates were included in the plate as negative controls. In the ELISA, the rabbit anti-BLP oyster egg protein IgG (2.1 lg/ml) or the rabbit anti-BLP oyster sperm protein IgG (3.0 lg/ml) was used as the primary antibody, and 1 lg/ml of the alkaline phosphatase conjugate of goat-anti-rabbit IgG (Sigma, St. Louis, MO) was used as the secondary antibody; the p-nitrophenylphosphate (Sigma) substrate was used as the coloring reagent. Finally, the optical density of the colored antigen-antibody products in the plate was read at 405 nm.
Immunohistochemistry
Immunohistochemical staining was carried out to visualize and localize BLP oyster egg protein in the gonad. For the staining, 6-lm-thick histological sections of ripe female BLP oysters containing fully grown eggs were sliced, mounted on a glass slide, de-paraffinazed, and rehydrated. The slide-mounted tissue was then immersed in 10 mM sodium citrate buffer (pH 6) and treated with 3 % H 2 O 2 solution to quench the endogenous peroxide from the tissue section. The tissue section was subsequently incubated in 5 % BSA dissolved in PBS-T (Triton-X 100) as a blocking buffer. After blocking, the tissues were submerged in the rabbit anti-BLP oyster egg protein IgG (63.0 lg/ml) solution and incubated overnight at 4°C. For the negative control, the pre-immune rabbit serum (1:100 v/v dilution) was used as the primary antibody. After washing, 10 lg/ml of the fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Sigma) was applied on the slide and incubated for 1 h. The slide was then washed several times with PBS-T, and the antibodyantigen reaction in the slide was then examined under a fluorescence microscope (Olympus, Tokyo, Japan).
Quantification of the eggs and sperm using indirect ELISA
In December 2009, 136 BLP oysters were collected from a lagoon at Weno Island, and in May 2010, 20 BLP oysters were collected from the IFREMER hatchery in Tahiti, French Polynesia. To evaluate the reproductive maturity of BLP oysters, a 2-mm-thick section was made longitudinally in the middle of the body and then fixed in Davidson's fixative. The fixed tissues were prepared for histological examination, and the reproductive condition was graded as developing, ripe, spawning/partially spawned, or spent [4, 30] . The remaining tissue was lyophilized for quantification of the eggs or sperm in the tissues. Table 1 summarizes the mean size of the oysters analyzed using the immune probes developed in this study.
To measure the amount of BLP oyster eggs in an individual oyster, an indirect ELISA was applied according to Park and Choi [6] , Uddin et al. [8] , and Kang et al. [13] . In brief, 100 mg of the lyophilized and ground female oyster tissue was further homogenized in PBS-T using an ultrasonifier and then diluted up to 1,000-fold. In the indirect ELISA, a known quantity of the purified BLP oyster egg homogenate (0.08-5.0 lg/ml) was included as the standard. The standards and BLP oyster homogenates were tested in triplicate. The quantity of egg protein in the oyster tissue was then determined from a standard regression curve constructed using optical density measurements of the purified BLP oyster egg standards included in each microplate. The amount of eggs in each oyster was then determined by multiplying the quantity of the egg protein estimated by ELISA by 2.2, which is the ratio of the egg protein (45 %) to the total egg weight determined in this study. Finally, the quantity of eggs in an oyster was expressed as the gonad somatic index (GSI), which is the weight percentage of the eggs in the total oyster tissue (%). Potential fecundity was also determined based on the ELISA results by dividing the total weight of the eggs determined from the ELISA by the weight of a ripe individual egg determined in this study (14.3 
ng).
The GSI of male BLP oysters was also determined using the indirect ELISA with the rabbit anti-BLP oyster sperm protein IgG as the primary antibody. As a positive control, as well as the standard, a known amount of purified BLP oyster sperm (0.08-5.0 lg) was included on each microplate. For the quantification, 100 mg of the male oyster tissue homogenate was further homogenized in PBS-T and diluted up to 300-fold. In the indirect ELISA, the standards and BLP oyster homogenates were added into the microplate in triplicate. The quantity of sperm protein in an individual male BLP oyster was then determined from a standard regression curve which plotted the optical density of the standard to the mass of the purified sperm protein. The quantity of sperm was then estimated by multiplying the amount of the sperm protein measured by ELISA by 6.7, which is the ratio of sperm protein (15 %) to the total sperm weight determined in this study. Finally, the quantity of sperm in an individual male BLP oyster was expressed as the GSI, a ratio of the sperm weight to the total tissue weight.
Results
Biochemical composition of egg and sperm
Ripe BLP oyster eggs and sperm were successfully isolated and purified using the different sizes of meshes and centrifugation. Proximate biochemical analysis [mean ± standard deviation (SD)] revealed that the purified egg was composed of 45.5 ± 7.0 % protein, 21.5 ± 2.4 % lipid, and 5.8 ± 1.3 % carbohydrate (in mg dry weight); in comparison, total protein in the purified sperm accounted for 7.5 ± 4.4 % (in mg dry weight). The dry weight of a single mature BLP oyster egg was determined to be 14.3 ng.
Development of rabbit anti-BLP oyster egg protein antibody
The results of the SDS-PAGE and subsequent western blot assay ( Fig. 2) indicated that the BLP oyster egg protein was composed of peptides of various molecular sizes (e.g., 23, 39, 42, 49, 73, 83, 100, 154, 283 kDa) and of a fragment of [300 kDa (Fig. 2b) . As shown in Fig. 2a , the rabbit anti-BLP oyster egg protein IgG showed a strong binding to the BLP oyster egg proteins (Fig. 2a, lane 1) , as well as weak but recognizable binding to the protein extract of other tissues, such as the mantle, gill, digestive gland, and sperm (Fig. 2a , lanes 2, 3, and 4). The cross-reacting antibodies included in the original antiserum were removed by treating the antiserum with immunoadsorbent prepared by polymerizing the somatic tissue proteins, and the western blot assay was carried out once again. As shown in Fig. 2b , the immunoadsorbent-treated rabbit anti-BLP oyster egg IgG showed strong binding to the numerous egg peptides ranging in size from 23 to 283 kDa and to the fragment of[300 kDa, but it did not demonstrate any immune reaction to the somatic proteins, indicating that the antibody is specific only to the egg peptides. Figure 3 shows an indirect ELISA titration curve used in the quantification of the reproductive effort of female BLP oysters. As was demonstrated in the western blot assay, the original rabbit anti-BLP oyster egg protein antiserum showed weak, recognizable cross-reactivity with the somatic tissue protein (Fig. 3a) . Following removal of the cross-reacting antibodies in the antiserum by the immunoadsorbent, the rabbit anti-BLP oyster egg protein IgG no longer exhibited an immune reaction to the somatic tissue proteins, indicating that the antibody is specific only to the egg protein (Fig. 3b) . In the indirect ELISA, the rabbit anti-BLP oyster egg protein IgG detected as low as 40 ng/ml of the egg protein (Fig. 3b) . The antibody-antigen reaction of the rabbit anti-BLP oyster egg IgG was also visualized by immunohistochemical staining. As shown in Fig. 4 , the rabbit anti-BLP oyster egg protein IgG bound mainly to the yolk granules in the mature eggs, indicating that the rabbit antibody was raised from the yolk granules (Fig. 4b) .
Development of rabbit anti-BLP oyster sperm protein antibody
The rabbit anti-BLP oyster sperm protein antiserum developed in this study showed a strong immune reaction to the sperm protein (Fig. 5a, lane 1) , although it also showed immune reactions to the negative controls, including the egg protein and other somatic proteins (Fig. 5a, lanes 2-6) . As was applied in the development of the egg-specific antibody, the cross-reacting antibodies were removed using the immunoadsorbent prepared by polymerizing the somatic protein extract. Following removal of the cross-reacting antibodies in the antiserum, the rabbit anti-BLP oyster sperm protein IgG specifically reacted only to the sperm protein (Fig. 5b, lane 1) , and the antibody no long showed immune reactions to the somatic proteins (Fig. 5b, lanes 2-6) . As Fig. 5b demonstrates, the rabbit anti-BLP oyster sperm protein IgG showed a strong immune reaction to the sperm protein peptide of 27.5 kDa.
The specificity of the rabbit anti-BLP oyster sperm protein IgG was also tested using the indirect ELISA. As  Fig. 6a shows, the original rabbit antibody raised from the sperm protein did demonstrate an immune reaction to the sperm protein as well as to the somatic tissue proteins. However, the cross-reacting antibodies were removed by mixing the original antiserum with the immunoadsorbent, (6) and the specificity of the antibody was tested again. As can be seen in Fig. 6b , the rabbit anti-BLP oyster sperm protein IgG treated with the immunoadsorbent showed a strong immune reaction to the BLP oyster sperm protein but only a negligible reaction to the somatic tissues. In the indirect ELISA, the rabbit anti-BLP oyster sperm protein IgG detected 0.31-10.00 lg/ml of the sperm protein (Fig. 6a) .
Quantification of eggs and sperm using the indirect ELISA
The sample of BLP oysters collected from Weno Island in December 2009 consisted of 36 females and 100 males, as determined by histology. The reproductive effort of the 36 females was estimated using the immune probe developed in this study. Histological examination revealed that the females collected from Weno Island were in the developing, ripe, spawning, and spent reproductive stages, while the females from Tahiti were mostly in the ripe stage. The reproductive effort of the females determined by the indirect ELISA was expressed as the GSI, a ratio of the egg mass to the total tissue weight.
The mean GSI (±SD) of the females collected from Weno Island ranged from 3.6 ± 2.6 % in the spent stage to 18.4 ± 5.7 % in the ripe stage. Of the 20 BLP oysters collected from Tahiti, the histology study indicated that there were nine females in the developing, ripe, and spawning stages. The mean GSI of the females from Tahiti varied from 5.6 % (developing stage, n = 1) to 12.6 ± 3.3 % (ripe stage; Fig. 7) .
The potential fecundity of the ripe BLP oysters was also estimated by dividing the total egg weight by the single egg dry weight (14.3 ng) determined in this study. Potential fecundity of the ripe females from Weno Island varied from 41.1 to 191.4 million eggs, with a mean of 93.9 million eggs. Similarly, the potential fecundity of BLP oysters from Tahiti ranged from 44.7 to 120.9 million eggs, with a mean of 73.7 million eggs. A strong positive correlation was observed between the size of the females and fecundity (r 2 = 0.539, p \ 0.05 for Weno; r 2 = 0.402, p \ 0.05 for Tahiti), suggesting that larger females produce more eggs than small oysters (Fig. 8) . Figure 9 shows the reproductive effort of the males in different reproductive stages. Histological examination indicated that 100 and 11 male BLP oysters from Weno Island and Tahiti, respectively, were used in the assay. The mean GSI of the male BLP oysters collected from Weno Island ranged from 0.8 ± 1.0 % (spent stage) to 8.5 ± 3.8 % (ripe stage), while the GSI of the males from Tahiti varied from 4.8 ± 2.7 % (developing stage) to 7.5 % (ripe stage, n = 1; Fig. 9 ).
Discussion
Biochemical properties of P. margaritifera egg and sperm
In our study, we first determined the biochemical composition of BLP oyster eggs as this is essential information for the development of BLP oysters in hatcheries [31] [32] [33] . Table 2 summarizes the dry weight of the eggs and the percentage composition of protein, carbohydrate, and lipids of various marine bivalves. Similar to other marine bivalve eggs, protein is the major constituent of BLP oyster eggs, comprising 45.5 ± 7.0 % of the dry weight. We estimated the dry weight of a fully grown single egg of the BLP oyster to be 14.3 ng, which is comparable to that of other oysters, such as Crassostrea virginica [32] and C. gigas [13] . With respect to lipid content, the lipid content of the BLP oyster eggs was higher than that reported for the eggs of clams, including Mercenaria mercenaria [32] and Saxidomus purpuratus [22] , but similar to that reported for other oyster species. BLP oyster sperm was also successfully isolated from fully grown males and purified by serial sieving and washing with centrifugation. Choi et al. [12] also purified the American oyster C. virginica sperm using density gradient fluid (PERCOL; Sigma) with low-speed centrifugation. In our study, the total protein in the BLP oyster sperm accounted for 3-15 % of the sperm dry weight, which is comparable to the level reported by Choi et al. (13 %) for C. virginica [12] .
Specificity and sensitivity of antibodies developed in this study
Although the polyclonal antiserum developed from the BLP oyster eggs initially showed strong immunoreactivity to the oyster egg protein, the antiserum also exhibited a weak but recognizable non-specific reaction to the somatic tissue proteins extracted from the mantle and gills (Figs. 2a, 3a) . This non-specific immunoreactivity of the rabbit antiserum could have originated from some proteins common to the egg and other somatic tissues. It is believed that the rabbit also produced antibody to these non-gonadal common proteins as well as to other egg-specific proteins since the antibody developed in this study is polyclonal. This non-specific immunoreactivity of the polyclonal antibody developed from eggs or sperm of marine bivalves has been reported from a small number of studies. Choi et al. [12] first developed polyclonal antibodies from the eggs and sperm of the eastern oyster C. virginica, and the antisera exhibited weak immune responses to the somatic tissues, including the mantle and gills. Similarly, Osada et al. [34] observed similar non-specific antigen-antibody reactions in the polyclonal antisera developed from egg proteins of the Yesso scallop Patinopecten yessoensis, and cross-reactivity was also confirmed in the development of polyclonal antibody to egg proteins of the Pacific oyster C. gigas [13, 15] . However, the non-specific antibodies present in the antiserum in those studies were successfully n=9 Fig. 9 The GSI of male BLP oysters in different reproductive stages determined using the indirect ELISA removed by the immunoadsorbent, prepared by the acetone-drying method [12] , or by polymerizing the somatic tissue proteins [6, 13, 21, 22] . The SDS-PAGE of the BLP oyster egg protein yielded numerous fragments, and the egg peptides showed a positive immune reaction to the rabbit anti-BLP oyster egg protein IgG developed in this study (Fig. 2b) . It is believed that the large molecular weight fragments included in the BLP oyster egg protein are vitellin, which is the major constituent of marine bivalve eggs as well as of other marine invertebrate eggs [6, 13, 22, 34] . SDS-PAGE has been used in several studies to characterize the egg proteins of various marine bivalves, including the Eastern and Pacific oyster C. virginica [32] and C. gigas [15] , respectively, the Hard clam Mercenaria mercenaria [32] , Saxidomus purpuratus [21] , the Yesso scallop Pinctada yessoensis [34] , and the Manila clam Ruditapes philippinarum [6] . The results of studies also confirmed that the egg protein is composed of several peptides with a molecular weight ranging from 17 to 330 kDa.
As shown in Fig. 5b , the rabbit anti-BLP oyster sperm protein was raised from a single low-molecular-mass peptide of 27.5 kDa. Compared to the oyster egg, the sperm contained less protein, possibly present in the flagellum [35] . In the indirect ELISA, the rabbit anti-BLP oyster sperm IgG detected as little as 0.31 lg/ml of sperm protein (Fig. 6b) . The indirect ELISA was also successfully applied in the quantification of the American oyster sperm protein, and Choi et al. [12] also developed polyclonal antibody against the sperm protein of C. virginica. The rabbit anti-C. virginica sperm IgG was also sufficiently sensitive to detect small quantities of the sperm protein present in the mixture of the oyster somatic proteins, detecting 0.10-10.00 lg/ml of sperm protein. Based on these results, we conclude that we successfully developed our rabbit anti-BLP oyster sperm protein IgG. We also expect that this rabbit anti-BLP oyster sperm protein IgG will be useful in future reproductive biological studies of BLP oyster sperm.
Reproductive effort of P. margaritifera
Various methods have been applied to quantify the reproductive effort of pearl-producing marine bivalves (Table 3) . Cáceres-Puig et al. [36] performed a histology study and measured the gonad volume fraction of the winged pearl oyster Pteria sterna in Mexican waters. These authors reported that P. sterna accumulated as much as 400 % of energy from early development to the ripe stage and that 200 % of the basal energy was lost after spawning. Hart and Friedman [37] estimated the fecundity of the Gold-or Silver-lip pearl oyster Pinctada maxima in Western Australia by dissecting the gonad from the formalinfixed visceral mass. According to their results, the ripe gonad occupied 18-29 % of the visceral mass and fecundity ranged from 19.7 to 29.5 million eggs. Alansari et al. [38] also determined fecundity of the Atlantic pearl oyster by counting the number of released eggs from spawning females. These authors estimated the fecundity of P. radiata to be 0.95-1.7 million eggs. A few studies have reported the reproductive effort of BLP oysters, either as the GSI or as fecundity. In French Polynesia, Pouvreau et al. [3] measured the weight of ripe females before and after spawning. According to their monitoring results, ripe females lost 4-11 % of tissue weight during the spawning period, although the number of eggs released from the spawning event was unknown. Ehteshami et al. [39] also estimated the fecundity of BLP oysters in the Persian Gulf by counting the number of eggs released from spawning females. According to these authors, female P. margaritifera conditioned at a hatchery for 24 days yielded 2.5-20.0 million eggs during spawning. In the context of these studies, it must be noted that although many researchers have tried to quantify the reproductive effort of pearl oyster species, the methods applied to date have some disadvantages. Histological preparation and counting of the gametes are time-consuming procedures and may often result in an under-or overestimation of the true reproductive effort [6, 13] because the pearl oysters in tropical regions are continuous spawning species and the spawning is always incomplete [3, 7] . Alternatively, immunological methods (i.e., ELISA) have been used to assess the reproductive effort of marine bivalves because this approach results in a true measure of the quantity of egg mass in an individual oyster or clam and is rapid and sufficiently sensitive to quantify small amounts of egg protein in oysters [6, 8-10, 12-14, 22-24] .
In our study, we determined the GSI and fecundity of the female BLP oysters from Weno Island in Micronesia and Tahiti Island in French Polynesia, the two major BLP oyster culture areas in the Pacific Ocean, using an indirect ELISA. We estimated the fecundity from the total biomass of egg determined by ELISA by dividing the egg mass by the weight of a single mature egg (determined in our study to be 14.3 ng). Since the weight of a single egg may vary with its size in different gametogenic stages, we limited our fecundity estimation to ripe females. In our study, the reproductive stage of the female used in the quantification of the egg mass could be determined since a small portion of the body was histologically prepared and examined under a light microscope. This study is the first attempt to define the stage-wise reproductive effort of BLP oysters. Recently, Uddin et al. [8] and Mondol et al. [24] determined the GSI of the Manila clam Ruditapes philippinarum and the Pacific oyster Crassostrea gigas using a combined histology-ELISA technique, and the GSI of this clam and oyster in different reproductive conditions could be assessed. As Fig. 7 shows, the GSI of the female BLP oysters in the ripe stage (12.6-18.4 %) is two to threefold higher than the GSI of the females in the developing stage (5.6-8.1 %) or in partial spawning (7.6-8.0 %). In our study, fecundity, i.e., the number of eggs in ripe oysters, ranged from 41.1 to 191.4 million eggs, with a mean of 93.9 million eggs, in Weno Island and from 44.7 to 120.9 million eggs, with a mean of 73.7 million eggs, in Tahiti. The GSI of the BLP oysters estimated in this study (3.6-18.4 %) is comparatively higher than the 4-11 % reported by Pouvreau et al. [3] . The fecundity of the ripe females estimated in this study is also much higher than the 2.5-20.0 million eggs reported by Ehteshami et al. [39] . The comparatively higher GSI and the fecundity of the females recorded in this study could in part be explained by the different methods used in the quantification. As marine bivalves are induced to spawn by thermal or chemical shocks, responses of the individuals to the stimulation vary depending upon their reproductive/physiological conditions, and spawning is partial in most cases, meaning that not all the eggs in the follicles are released during spawning [40] [41] [42] [43] . Accordingly, the fecundity estimated in previous studies, based on counting the number of released eggs, would underestimate the fecundity since not all the eggs would be released during spawning. Similarly, the GSI of the female estimated by weighing the tissue weight before and after the spawning would also underestimate the true quantity of eggs if the oysters were not reproductively mature and ready for spawning. In contrast, the GSI of the ripe female oysters estimated in our study is considered to be ''maximal'', since all of the eggs in an individual oyster are homogenized and assessed using ELISA.
In summary, we report here the development of specific polyclonal antibodies for BLP oyster eggs and sperm that can be used to assess the quantity of eggs and sperm. In the indirect ELISA, the polyclonal antibodies showed high specificities and sensitivities to the eggs or sperm proteins mixed in with the somatic tissue proteins. The indirect ELISA technique developed in this study for the quantification of reproductive effort is rapid, sensitive, and affordable, and the technique is expected to be applied widely in the reproductive biology of the BLP oyster. 
